Vibrio harveyi is a causative agent of destructive luminous vibriosis in farmed black tiger prawn (Penaeus monodon). V. harveyi peroxide and superoxide stress responses toward elevated levels of a superoxide generated by menadione were investigated. Exposure of V. harveyi to sub-lethal concentrations of menadione induced high expression of genes in both the OxyR regulon (e.g., a monofunctional catalase or KatA and an alkyl hydroperoxide reductase subunit C or AhpC), and the SoxRS regulon (e.g., a superoxide dismutase (SOD) and a glucose-6-phosphate dehydrogenase). V. harveyi expressed two detectable, differentially regulated SOD isozymes, [Mn]-SOD and [Fe]-SOD.
Introduction
Vibrio harveyi is a luminous bacterium commonly found as part of the normal £ora in light organs of certain marine cephalopods and in the intestine of tropical marine animals. It is also recognized throughout Asia and Australia as a destructive pathogen of cultured marine animals, and particularly in the farmed black tiger prawn Penaeus monodon [1^3] .
Reactive oxygen species (ROS) are important components of the defense response generated by crustacean hemocytes against invading microorganisms [4, 5] . At the same time, environmental degradation and contamination of natural waters with herbicides and chemical residues that are strong oxidants could modulate the bacterial oxidative stress response making bacteria more resistant to such stress. Thus, it is possible that environmental exposure to strong oxidants could alter disease progression and outcomes in crustaceans. Most ROS including superoxide anions, peroxides and hydroxyl radicals are highly toxic and can cause damage to macromolecules. In order to colonize and proliferate in a host, bacteria must protect themselves from such ROS by detoxi¢cation and they have multiple, appropriate defense responses that can be adjusted according to nature and amount of ROS. For example, Escherichia coli has independent multigene responses to at least two types of oxidative stress. Excess H 2 O 2 triggers the expression of genes in the OxyR regulon, including those for catalase and alkyl hydroperoxide reductase. Excess superoxide radicals trigger the SoxRS regulon that coordinates the transcriptional induction of many promoters including those for a manganese containing superoxide dismutase ([Mn]-SOD) gene and a glucose-6-phosphate dehydrogenase (G6PD) gene [6, 7] . SODs are essential enzymes for aerobic organisms. They are important for the maintenance of cells and DNA integrity during aerobic metabolism since they eliminate superoxide radicals that induce lipid damage and oxidative inactivation of essential enzymes. More importantly, SOD prevents the formation of the highly toxic and mutagenic hydroxyl radicals, the product of superoxide radicals, reduced iron and H 2 O 2 [8] .
Defense against ROS is an important mechanism for bacteria to survive in stressful environments. We have previously shown that prior exposure of V. harveyi to sublethal concentrations of peroxide resulted in a several fold increase in expression of OxyR-regulated catalase and alkyl hydroperoxide reductase genes [9] . Here, we describe the e¡ects of a superoxide generator menadione on induction of peroxide scavenging and superoxide protective enzymes and on menadione-induced cross-protection to peroxide killing.
Materials and methods

Bacterial growth conditions
A V. harveyi strain pathogenic to shrimp [3] was grown aerobically in LBS medium (Luria^Bertani supplemented with 2%, w/v NaCl) at 30 ‡C. To ensure uniform growth, overnight cultures were inoculated into fresh LBS medium to give an OD 600 of 0.1. By subsequent monitoring of bacterial growth spectrophotometrically at OD 600 , exponential-phase cells (OD 600 0.8, were obtained at approximately 3 h) and stationary-phase cells (OD 600 5.5, at approximately 18 h cultivation) were used in experiments.
Quantitative determination of resistance levels to oxidants
Induced adaptive and cross-protection response experiments were performed by adding sub-lethal concentrations of menadione (400 WM), H 2 O 2 (250 WM) or tert-butyl hydroperoxide (tBOOH ; 200 WM) to exponential-phase cultures. The cultures were then allowed to grow for an additional 30 min before aliquots of cells were treated with killing concentrations of menadione (200, 300 and 400 mM), H 2 O 2 (100, 200, and 300 mM) or tBOOH (100, 150, and 200 mM). After 30 min treatment, samples were pelleted and washed once with fresh medium before appropriate dilutions were plated on LBS agar plates. Cells that survived various treatments were counted after 24 h incubation at 30 ‡C. Surviving fractions are de¢ned as the number of colony forming units (cfu) obtained after the treatment divided by cfu prior to treatment. All experiments were repeated at least three times and representative data are shown.
Catalase activity gels and assays
Crude bacterial lysates were prepared by resuspending V. harveyi cell pellets in 50 mM sodium phosphate bu¡er, pH 7.0, containing 1 mM phenylmethylsulfonyl £uoride and exposing them to intermittent sonication on ice until the suspensions become clear. The lysates were then centrifuged at 10 000Ug for 10 min before being used for enzyme assays and activity gel staining. Total catalase activity was spectrophotometrically measured by the disappearance of H 2 O 2 at A 240 [10] . Catalase activity was visualized on 7.5% non-denaturing polyacrylamide gels prepared as previously described [9] .
SOD activity gels and assays
Xanthine^xanthine oxidase coupled reduction of cytochrome c was used to monitor total SOD activity [11] . One unit of SOD activity was de¢ned as the amount of enzyme required to inhibit the rate of reduction of cytochrome c by 50%. To visualize SOD activity, non-denaturing electrophoresis was performed using a 10% polyacrylamide gel (pH 8.7) with a 5% stacking gel (pH 8.0) followed by staining with nitroblue tetrazolium/ribo£avin photochemical stain as described by Beauchamp and Fridovich [12] . In the enzyme inhibition tests H 2 O 2 or potassium cyanide were added to a ribo£avin^TEMED solution at ¢nal concentrations of 5 and 2 mM, respectively. [Cu,Zn]-SOD is inactivated by cyanide and [Fe]-SOD by H 2 O 2 while [Mn]-SOD is resistant to both [13] .
Western immunoblot analysis
For Western immunoblot analysis of AhpC levels, conditions of SDS^PAGE, blotting to PVDF membranes and immunodetection against anti-Escherichia coli AhpC polyclonal antibody were performed as previously described [9] . Antibody reactions were developed using an alkaline phosphatase antibody detection kit from Promega (Madison, WI, USA).
Nucleic acid manipulations
All nucleic acid manipulations were performed according to standard molecular biology techniques [14] or to manufacturers' recommendations. The labelling of the DNA probes with [K-32 P]dCTP was performed using a DNA labelling bead (Amersham Pharmacia Biotech). A DNA fragment of soxR coding region from V. harveyi was ampli¢ed by polymerase chain reactions (PCR). Two degenerated oligonucleotide primers [BT133 5P-GTTTC(AT)GC(AT)CT(AT)CA(CT)TT(CT)TA(CT)GA-3P and BT134 5P-CA(AG)CCACA(AG)CC(AG)AT(AG)-CA(GT)CC-3P] were designed based on two conserved regions, VSALHFY and GCIGCGC, of the SoxR (accession number AAF95998) obtained from the genome sequence of Vibrio cholerae [15] . A primer pair, genomic DNA of V. harveyi, a PCR reaction mix and 2 U of Tag polymerase were mixed and ampli¢ed for 30 cycles under the following conditions: denaturation at 96 ‡C for 1 min, annealing at 55 ‡C for 1 min and extension at 72 ‡C for 1 min. The 300-bp PCR product was cloned into pGem-T-easy and its nucleotide sequences were determined. Alignment of amino acid sequences was performed using CLUSTAL W program [16] .
Results and discussion
Analysis of SOD isozymes during di¡erent phases of growth
Analysis of genomic DNA sequences from the GenBank database of a closely related bacterium, V. cholerae [15] using BLAST program [17] showed three possible open reading frames with homology to [Mn]-SOD (accession no. AAF95835), [Fe]-SOD (accession no. AAF95193) and [Cu,Zn]-SOD (accession no. AAF94737). This suggested that V. harveyi might also possess more than one SOD isozymes. Thus, experiments were done to test for di¡erent SOD isozymes using cell lysates prepared at various growth phases of V. harveyi. Lysate proteins were separated on native PAGE and stained for SOD activity as described in Section 2. The results showed that exponential-phase cells produced only one detectable SOD isozyme and that stationary-phase cells produced an additional SOD (Fig. 1A) . However, the additional isozyme in stationary-phase cells was present in minor quantity as indicated by staining intensity. It was possible to distinguish amongst the SOD isozymes using speci¢c enzyme inhibitors. The results revealed that the major SOD band was abolished by H 2 O 2 treatment, identifying it as an [Fe]-SOD (data not shown). By contrast, activity of the minor band present at stationary phase could be detected in the presence of either H 2 O 2 or cyanide treatments, identifying it as an [Mn]-SOD (data not shown). Induction of [Mn]-SOD by cells entering the stationary phase has been previously reported for bacteria [18] . Additionally, a open reading frame resemble to [Cu,Zn]-SOD was identi¢ed in V. cholerae genome sequence, we did not detect this isozyme in all growth phases of V. harveyi (data not shown). The expression of this isozyme might be too low to be detected by activity gel staining.
Induction of [Mn]-SOD and G6PD by menadione pre-treatment
Menadione (2-methyl-1,4-naphthoquinone) is an agent that mediates transfer of electrons from NADH or NADPH to O 2 , generating a £ux of superoxide anion in a redox cycling process [19] . We examined the e¡ects of sub-lethal concentrations (determined from maximal inhibitory concentrations) of menadione and peroxide pretreatments on levels of two enzymes, SOD and G6PD that are known to be regulated by superoxide anion in other bacteria. Total G6PD and SOD activity was measured in lysates prepared from cells untreated and pre-treated with 400 WM menadione, 250 WM H 2 O 2 and 200 WM tBOOH. G6PD levels increased 1.8-fold in response to menadione pre-treatment, while pre-treatments with peroxides (both H 2 O 2 and tBOOH) had no e¡ect (Fig. 1B) . Similarly, SOD activities increased 1.4-fold with menadione pretreatment (Fig. 1C) . H 2 O 2 and tBOOH pre-treatment have no e¡ect on total SOD activity (Fig. 1C) . Additional experiments were done to determine which SOD isozyme was induced by the menadione treatment. By activity staining of a native gel (Fig. 1A) , the intensity of the [Fe]-SOD band from menadione-induced and -uninduced cultures was not signi¢cantly di¡erent. However, the [Mn]-SOD band was detected only in menadione-induced cultures and this was correlated with the increase in total SOD activity (Fig. 1C) . The results suggested that Thus, induction of G6PD and SOD activities seem to be speci¢c to the menadione pre-treatment as has been observed in other bacteria. For example, superoxide induction in E. coli is regulated by a superoxide sensor and transcription repressor called SoxR. SoxR is, in turn, regulated by expression of an AraC family transcription regulator called SoxS [7] . Genetic analysis has shown that SoxR/S regulate both [Mn]-SOD and zwf (coding for G6PD) genes. It is likely that superoxide anion-induced elevated levels of [Mn]-SOD and G6PD might be mediated by the SoxR system. Although the soxR gene has not been isolated in V. harveyi yet, analysis of the genome sequences of V. cholerae [15] by BLAST program [17] revealed an open reading frame with coding potential for a SoxR homolog (accession no. AAF95998). Therefore, two degenerated primers designed from two conserved regions of V. cholerae SoxR homolog ( Fig. 2A) were used to amplify a part of soxR gene using V. harveyi as a DNA template. The 300-bp PCR product was then cloned into pGem-Teasy (Promega) prior to determination of its nucleotide sequence (Fig. 2B) . Analysis of this nucleotide sequence with BLASTX program [17] against the GenBank database suggested that this DNA fragment encoded the SoxR homolog. The putative SoxR from V. harveyi showed a high score of identity to SoxR from V. cholerae (70%) and E. coli (55%) as shown by an alignment of the amino acid sequences in Fig. 2C . This putative soxR was then radioactively labeled and used as DNA probe in Southern blot hybridization experiments against V. harveyi genomic DNA digested with HindIII and EcoRI. The results showed strong hybridized signals at the size of 2.7 and 3.2 kb, respectively (Fig. 2D) . The data suggest the existence of soxR in V. harveyi.
Induction of peroxide scavenging enzymes in V. harveyi pre-treated with menadione
Di¡erent bacteria have evolved di¡erent responses to oxidative stress. Pre-treatment of V. harveyi with a sublethal concentration of H 2 O 2 or organic hydroperoxide could induce the expression of catalase (katA) and alkyl hydroperoxide reductase catalytic subunit C (ahpC) [9] . In vivo, menadione gives rise to production of superoxide anion that can be dismutated or chemically broken down to H 2 O 2 [19] . The e¡ect of menadione pre-treatment on levels of AhpC and catalase was investigated in V. harveyi cultures pre-treated with 400 WM menadione for 30 min before harvesting. The levels of AhpC and catalase were measured by enzyme assay and by Western immunoblot analysis coupled with activity staining. The results (Fig. 3A,B) showed that pre-exposure of V. harveyi to menadione resulted in a several fold increase in the levels of both AhpC and KatA. Densitometer analysis of AhpC in Western immunoblots indicated a ¢ve-fold increase in the protein level. Total catalase activity increased three-fold from 39.5 þ 5.6 U to 126.9 þ 10.1 U (mg protein) 31 . These results suggested that superoxide anions activated the expression of ahpC and katA genes. We have shown that H 2 O 2 is a potent inducer of catalase and AhpC in V. harveyi [9] . Thus, induction of these enzymes by superoxide anions would most likely occur via the pro- 
The e¡ects of menadione-induced adaptive and cross-protective responses against peroxide killing
Pre-exposure to a low concentration of an agent often confers resistance to sub-sequent challenge with a lethal concentration of the same agent (i.e. an adaptive response). Thus, we measured the physiological e¡ects of menadione pre-treatment on superoxide and peroxide killing. V. harveyi cultures pre-treated with menadione and subsequently challenged with a lethal concentration (Fig.  4A) showed no adaptive protection even though menadione induced high levels of G6PD, [Mn]-SOD and the peroxide scavenging enzymes, catalase and AhpC.
In addition to adaptive response, ROS can sometimes induce protection to an unrelated agent. This cross-protection response has been observed in many bacteria including V. harveyi. Since menadione induced many peroxide scavenging enzymes, its ability to induce protection against H 2 O 2 and an organic peroxide was also investigated. V. harveyi cultures pre-treated with 400 WM menadione prior to being challenged with lethal doses of H 2 O 2 or tBOOH showed over 100-fold more resistance to H 2 O 2 killing than uninduced cells (Fig. 4B) . By contrast, there was no cross-protection against tBOOH killing (Fig. 4C) . Addition of the protein synthesis inhibitor, chloramphenicol, completely abolished cross-protective response to H 2 O 2 killing, indicating that it required newly synthesized protein(s) (Fig. 4B) .
Superoxide anion-induced cross-protection to H 2 O 2 or tBOOH killing has been observed in other bacteria such as Rhizobium leguminosarum [20] and Xanthomonas campestris [21] . Although menadione was a potent inducer of AhpC, the catalytic subunit of alkyl hydroperoxide reductase, this induction did not result in protection against tBOOH for V. harveyi. Similarly, we have observed that V. harveyi pre-treated with H 2 O 2 induced high levels of AhpC but do not confer protection against tBOOH killing [9] . These results suggest that other protective enzymes are required for protection against tBOOH toxicity in V. harveyi.
3.5. High-salinity protects V. harveyi from menadione killing
The absence of an adaptive response to menadione killing would seem to be a disadvantage to bacteria. However, in warm marine water, the physiological habitat of V. harveyi, bacteria are exposed to a high-salinity environment. We discovered that growing V. harveyi in LBS (Luria^Bertani broth supplemented with 2% NaCl) resulted more resistance to menadione killing than with growth in normal LB broth (data not shown). The e¡ect of high salinity in growth media on menadione killing of V. harveyi was investigated in LB broth without NaCl and with 1, 2, 3, 4, and 5% sea salt (Sigma, St. Louis, MO, USA) supplementation. Full-strength marine water corresponds to approximately 3.5% salt. Exponential-phase cultures were subsequently treated with 200 mM menadione for 30 min. The results showed that high salinity made V. harveyi more resistant to menadione killing (Fig. 5A) . Similar ¢ndings have been reported in other bacteria treated with the redox cycling agent paraquat [22] . It is known that V. harveyi causes the most serious outbreaks in farmed tiger prawns during summer months in Thailand when the salt concentration in coastal shrimp farms is relatively higher than in other seasons [3] . Since shrimps are euryhalic and adjust internal osmotic balance to match that of the environment, it is possible that high salt concentration protects V. harveyi from superoxide anions generated by host prawn hemocytes as a part of their defense mechanism.
3.6. Stationary-phase cells were more resistant to menadione killing Stationary phase V. harveyi are more resistant to lethal doses of H 2 O 2 and the thiol-depleting agent (iodoacetamide) than exponential-phase cells [9] . By contrast, stationary phase cells are highly susceptible to tBOOH killing [9] . Thus, the pattern of resistance or sensitivity to oxidative stress of stationary cells is likely dependent on the type of stress. Resistance to lethal concentrations of menadione was compared for stationary-phase cells and exponential-phase cells. The survival curves (Fig. 5B) showed that cells from stationary-phase cultures were 100-fold more resistant to menadione killing than exponential-phase cells. However, the intracellular level of SOD did not account for this stationary-phase resistance (data not shown). We have already shown that [Mn]-SOD induced by menadione pre-treatment (Fig. 1A) could not protect cells from lethal concentrations of menadione (Fig.  3A) . On the other hand, multi-stresses resistance of stationary-phase cells is common in many bacteria [23^26] and expression of genes controlled by a stationary-phasespeci¢c sigma factor RpoS (c 38 ) is responsible for this increased resistance [24, 25, 27] . A recent study in V. harveyi revealed contradictory results that the rpoS null mutant did not show any alterations in the resistance of the cells to oxidative stress suggesting the existence of an alternative mechanisms responsible for the resistance to ROS stress [28] .
Conclusion
Pre-exposure of V. harveyi to menadione induced elevated levels of both peroxide and superoxide detoxi¢cation enzymes. The induction resulted in cross-protection against subsequent treatment with a lethal concentration of H 2 O 2 . The results clearly showed an overlap between peroxide-inducible and superoxide-inducible operons. High salinity and the stationary-growth state also resulted in increased resistance to menadione killing. These responses may play important roles in protection of pathogenic V. harveyi against host hemocyte generated ROS.
